It is still unclear whether the exposure to electromagnetic fields (EMFs) generated by mobile phone radiation is directly linked to cancer. We examined the biological effects of an EMF at 835 MHz, the most widely used communication frequency band in Korean CDMA mobile phone networks, on bacterial reverse mutation (Ames assay) and DNA stability (in vitro DNA degradation). In the Ames assay, tester strains alone or combined with positive mutagen were applied in an artificial mobile phone frequency EMF generator with continuous waveform at a specific absorption rate (SAR) of 4 W/kg for 48 h. In the presence of the 835-MHz EMF radiation, incubation with positive mutagen 4-nitroquinoline-1-oxide and cumene hydroxide further increased the mutation rate in Escherichia coli WP2 and TA102, respectively, while the contrary results in Salmonella typhimurium TA98 and TA1535 treated with 4-nitroquinoline-1-oxide and sodium azide, respectively, were shown as antimutagenic. However, these mutagenic or co-mutagenic effects of 835-MHz radiation were not significantly repeated in other relevant strains with same mutation type. In the DNA degradation test, the exposure to 835-MHz EMF did not change the rate of degradation observed using plasmid pBluescript SK( + ) as an indicator. Thus, we suggest that 835-MHz EMF under the conditions of our study neither affected the reverse mutation frequency nor accelerated DNA degradation in
Introduction
The use of mobile phones is expanding rapidly globally and public concern has been expressed about whether frequent exposure to electromagnetic fields (EMFs) generated by mobile phones is associated with cancer. Surveys assessing the health risks from mobile phones have been published by the World Health Organization (Repacholi, 2001) . But the epidemiological evidence is still unclear because of the limitations of the research to date. Recently, it has been reported that exposure of human peripheral blood lymphocytes to radiation (830 MHz, SAR 1.6-8.8 W/kg) leads to chromosomal instability (Mashevich et al., 2003) and that the exposure of human lymphocytes to a phase modulated wave of 1.748 GHz at SAR 5 W/kg causes cytogenetic damage (D'Ambrosio et al., 2002) . In contrast, no correlations between mobile phone EMFs and tumours were reported in breast and brains of rats (Zook and Simmens, 2001; Bartsch et al., 2002) . In addition, Malyapa et al. (1997) measured DNA damage in cultured U87MG and C3H 10T1/2 cells after exposure to 835.62 MHz (frequencydivision multiple-access, FDMA) and 847.74 MHz (codedivision multiple-access, CDMA) at an SAR of 0.6 W/kg, but found no effect. Recently, Zeni et al. (2003) reported no genotoxic effects in human leukocytes exposed in vitro to 900 MHz, a European mobile communication band. Thus, the evidence of risk of mobile phone radiation using biological systems remains inconclusive.
Since early-stage carcinogenesis probably involves DNA damage, the genetic toxicity of power frequency EMFs has been widely studied with model organisms such as microbes, plants, insects and animals (Murphy et al., 1993; McCann et al., 1998) . Contrasting results have been published on the potential genotoxicity of EMFs with shorter frequency than radiofrequencies around mobile phone use (800 MHz to 2 GHz). Tabrah et al. (1994) found that extremely low-frequency magnetic fields from power lines were genotoxic, whereas another study indicated that static magnetic fields from magnetic resonance imaging did not cause bacterial reverse mutation (Schreiber et al., 2001) . Hungate et al. (1979) found that exposing Salmonella typhimurium TA100 to static direct current electric fields of 200B800 kV/m increases the frequency of reverse mutation. As a stressresponse process, exposure to magnetic fields can stimulate DNA transposition of the mobile element Tn5 into Escherichia coli (Chow and Tung, 2000) , which indicates that magnetic fields may cause genomic instability.
These findings have been studied in low-frequency electric or magnetic fields. However, little has been reported about the genotoxic effects of 835-MHz EMFs on reverse mutation using the Ames test. Here we examine the mutagenic and co-mutagenic effects of such EMFs at levels higher than the specific absorption rate (SAR, 1.6 W/kg body weight) specified in the ANSI/IEEE safety guidelines (Gandhi and Kang, 2002) . In addition, we used an in vitro DNA degradation test to determine whether mobile phone radiation directly affects DNA stability.
Materials and methods
Bacterial tester cells were exposed to an 835-MHz EMF, one of the most widely used frequency bands in Korean CDMA mobile phones, using a specially designed apparatus based on the TEM (transverse electromagnetic) wave theory ( Fig. 1 ). An 835-MHz EMF generator (Model CTI835, Korean patent no. 0311892) irradiates cells cultured in a CO 2 gas incubator. A TEM cell apparatus ensures that the radiation is uniform to all cells. There are two selectable modes -for blood, conductivity d = 1.19, relative dielectric constant e r = 74 and for skin, d = 0.92, e r = 57 by a rotary switch on the front panel. The power level is controlled by the SAR level (1.6, 2.0, 3.0 and 4.0 W/kg). Three Petri dishes 10 cm in diameter and 2 cm high can be exposed in the TEM cell under controlled conditions (i.e. an atmosphere of 5% CO 2 and 95% air and a temperature of 371C).
Bacterial mutagenicity was determined with a modification of the plate incorporation method described by Maron and Ames (1983) . Histidine auxotrophs of S. typhimurium and a tryptophan auxotroph of Escherichia coli were used, along with known mutagens for the different bacterial strains. The tester strains used in this study are divided into three types of mutations: (a) G:C base-pair substitution, S. typhimurium TA100 and TA1535; (b) A:T base-pair substitution, S. typhimurium TA102 and E. coli WP2 uvrA; (c) frameshift mutation, S. typhimurium TA98 and TA1537 (Table 1) .
Bacteria for the assay were prepared by inoculating 25 ml of 2.5% oxoid nutrient broth (number 2) with a tester strain colony from a master plate and growing the culture overnight at 371C in a shaking incubator (200 rpm). Minimal glucose agar plates were prepared with 1.5% Bacto agar (Bacto Laboratory, Liverpool, Australia), Vogel-Bonner medium E and 2% (w/v) glucose per litre. The agar plates for E. coli strain were supplemented with 0.25 ml/l of 0.1% tryptophan solution. Top agar was prepared with 0.6% agar and 0.5% NaCl. The top agar for Salmonella TA strains was supplemented with 50 mmol/ l histidine and biotin. Frozen bacterial stocks were prepared by mixing 50 ml of DMSO with 1.0 ml of an overnight culture and storage in liquid nitrogen. Master Petri-dish Jig Electromagnetic field (EMF) apparatus. Cultivated cells on three Petridishes stacked in the jig fixture are exposed to uniform TEM-mode EMF in the apparatus. plates of each strain were made from the frozen stocks and kept in refrigerator as a source of bacteria for the assay.
In order to perform the mutagenicity assay, 2 ml of sterile, molten top agar were dispensed into 12 Â 75-mm tubes (Falcon no. 2058), and held at 451C in a heating block. Then, 0.5 ml of S-9 mix (Maron and Ames, 1983 ) and 0.1 ml of an overnight bacterial culture were added to each tube. In addition, 0.1 ml of solvent (Table 2) containing the appropriate mutagen was added to each tube for the groups treated with a strain-specific mutagen. The tubes were gently stirred for a few seconds using a Vortex mixer and then were poured onto minimal glucose agar plates. After the top agar was solidified, the plates were inverted, and incubated at 371C. The plates were incubated both with and without a uniform 835-MHz EMF in either the TEM cell incubator or in a standard bacterial incubator. After 48 h, the revertant colonies were counted with by hand.
Data were expressed as the mean number of colonies ± the standard deviation from triplicate plates, each plate generated from a separate experiment. Responses were judged to be positive if there was a significant, reproducible increase in the number of revertant colonies per plate. A multiple comparison test is often performed following a significant finding in the one-way ANOVA. Thus, if ANOVA is significant, Tukey test was performed for evaluation of statistical significance between treated and untreated groups (Pocock et al., 1987) . Groups were considered significantly different from the reference groups at P < 0.05 and 0.01.
A DNA degradation test was carried out as described previously (Srinivasan et al., 2001) , with minor modifications. The hydroxyl radial cleavage reaction was initiated in a solution containing 1 mg of supercoiled plasmid pBluescript SK( + ) and 100 mmol/l (NH 4 ) 2 Fe(SO 4 ) 2 Â 6H 2 O, 200 mmol/l Na 2 EDTA, 1 mmol/l ascorbate, and 0.1% (v/v) H 2 O 2 . The DNA strand-breaking reaction was incubated at 371C, and stopped at the times indicated by adding 40 mmol/l thiourea. DNA samples were electrophoresed on a 0.8% agarose gel and visualized with ethidium bromide (1 mg/ml). Three types of plasmid DNAs were detected: supercoiled (no strand breaks), nicked circular (single-strand breaks) and linear (doublestrand breaks). The gel images were scanned and the relative amounts of three DNA types were quantified by ImageQuant analysis software (version 3, Molecular Dynamics, Sunnyvale, CA, USA).
Results and discussion
Bacterial tester strains were either untreated or treated with a known mutagen, and then incubated for 48 h with and without continuous wave radiation of 835-MHz and at an SAR of 4 W/kg, the maximal dose of our equipment.
In the absence of treatment with a known mutagen, the EMF had no effect on the reversion frequency in all of test strains. These results indicate that exposure to 835 MHz EMF by itself produced no detectable increase in mutagenicity.
In the absence of EMF exposure, the number of revertant colonies (histidine auxotrophs for Salmonella tester strains and tryptophan auxotroph for E. coli WP2 uvrA) was increased by the known mutagens as expected. The reversion frequencies were increased by 2-to 39-fold, depending on the strain and the mutagen used. For example, treatment with cumene hydroperoxide resulted in a 2-fold increase in S. typhimurium TA102 revertants and sodium azide produced a 39-fold increase in TA1535 revertants. Moreover, 4-nitroquinoline-1-oxide induced similar increases (8-to 9-fold) in revertant frequency in TA98 and E. coli WP2 uvrA (Table 2 ). There were no significant differences in between the revertant frequencies of TA100 and TA1537 exposed to a mutagen alone and exposed to a mutagen combined with the EMF (Table 2) . However, the numbers of revertants in TA98, TA102, TA1535 and WP2 were statistically significantly altered, as evaluated by the Tukey test following one-way ANOVA test (Pocock et al., 1987) .
The 835-MHz EMF decreased the number of revertants by 10% in TA98 (frameshift) and TA1535 (G:C substitution) when treated with positive mutagen. However, the reduced mutation rate in combination with mutagen was not significantly observed in TA1537 (frameshift) and TA100 (G:C substitution). In contrast, the co-mutagenicity rate was statistically significantly increased by about Data represent the mean ± the standard deviation of revertant colonies from single plates from three independent experiments. 4NQO, 4-nitroquinoline-1oxide, dissolved in dimethylsulfoxide at 0.5 mg/plate; SA, sodium azide, dissolved in water at 0.5 mg/plate; CHP, cumene hydroperoxide, dissolved in ethanol at 100 mg/plate; 9-AA, 9-aminoacridine, dissolved in dimethylsulfoxide at 50 mg/ plate.
40B45% in both WP2 and TA102 (A:T substitution strains) in the presence of mutagens. Based on the reverse mutation ratio analysis of pair-wise mutationspecific strains with statistical evaluation, it can not be ruled out that either EMF alone or EMF radiation with positive mutagen affects the consistent mutagenicity tendency. The overall results suggest that 835-MHz EMF radiation under the specified condition we used is evaluated as negative genotoxic induction in Ames assay.
Our results are consistent with negative reports of effects at EMFs of 60-6000 Hz (Morandi et al., 1996) and at magnetic fields during MRI (Schreiber et al., 2001) .
In previous studies, Ikehata et al., (1999) found that static magnetic fields (2 or 5 T) increased the mutagenicity of several mutagens in a bacterial reverse mutation assay. In addition, exposure to static magnetic fields (1.2 mT, 50 Hz) was reported to induce in vivo DNA strand breaks in rat brain cells (Lai and Singh, 1997) . To examine the possibility that 835 MHz EMF might potentiate DNA strand breakage, we evaluated the in vitro DNA degradation of plasmid pBluescript SK( + ) under continuous wave radiation by an 835-MHz EMF. The degradation of plasmid DNA was produced by a [Fe(EDTA)] 2-/H 2 O 2 / ascorbate system to elicit a Fenton-type reactive oxygen species (ROS)-inducing reaction (Izzotti et al., 1998) . As shown in Figure 2 , a series of strand breaks in supercoiled plasmid DNA were observed after the treatment with H 2 O 2 . Supercoiled DNA was converted to nicked circular DNA (single-strand breaks) at 10 min and completely to linear DNA (double-strand breaks) at 30 min.
To examine whether exposure to 835-MHz EMF accelerates the induction of DNA strand breaks, the relative amounts of three forms of plasmid DNA were quantified by densitometry. Exposure to 835-MHz EMF delayed the formation of nicked circular DNA (single-strand breaks) by 10 min. However, the overall shift from supercoiled to linear DNA in both the presence and absence of EMF showed same pattern (Figure 3) . In contrast to the deleterious effect of static magnetic fields (Li and Chow, 2001) , we could not detect any effect of exposure to an 835-MHz EMF on Fenton reaction-induced degradation of plasmid DNA. Using another plasmid pUC119, in vitro DNA degradation showed a similar pattern (data not shown).
Our results indicate that an 835-MHz EMF generated by mobile phones was neither mutagenic nor co-mutagenic in tester bacteria as evaluated in the pair-wise mutationspecific strains with statistical analysis. Furthermore, exposure to 835-MHz EMF did not change DNA degradation in vitro caused by a Fenton-type reaction. In conclusion, 835-MHz radiation under the specified condition lacks inductive mutagenicity and DNA fragment degradation. The cumulative reports on basic biological safety studies will be useful for designing prevention against the arguable cancer risk evaluation from mobile phone radiation.
